We have performed x-ray two-photon photoelectron spectroscopy using the Linac Coherent Light Source x-ray free-electron laser in order to study double core-hole (DCH) states of CO 2 , N 2 O, and N 2 . The experiment verifies the theory behind the chemical sensitivity of two-site DCH states by comparing a set of small molecules with respect to the energy shift of the two-site DCH state and by extracting the relevant parameters from this shift.
The Linac Coherent Light Source (LCLS) x-ray freeelectron laser, at the SLAC National Accelerator Laboratory, produces ultrashort laser pulses with extremely high peak intensities in both the soft and hard x-ray domain [1, 2] . These characteristics enable the exploration of hitherto virtually unmapped scientific territories, such as the nonlinear interaction between matter and x-ray photons, and allows for a natural continuation of the already well established field of optical nonlinear laser spectroscopy [3] . An intriguing example of such an x-ray-induced multiphoton process is the production of double core-hole (DCH) states via the sequential absorption of two softx-ray photons on a time scale on the order of the molecular Auger lifetime ( $ 4-8 fs) [4] . The formation of molecular two-site (TS) DCH states, in particular, shows great promise as a powerful tool for chemical analysis [5, 6] , and recently has attracted considerable attention [7] [8] [9] [10] . The unique properties of the LCLS permit the search for these double core vacancies located at different atomic sites using x-ray two-photon photoelectron spectroscopy [11] [12] [13] [14] .
A compelling motivation for the study of TSDCH states is their ability to probe the local chemical environment more sensitively than either single core-hole (SCH) [15] or single-site (SS) DCH [16] [17] [18] states as predicted by Cederbaum et al. in their seminal paper from 25 years ago [5] . Their results were confirmed recently by Tashiro et al. [6] who calculated the single ionization potentials (IP) and double core-hole ionization potentials (DIP) for a series of small molecules. The increased sensitivity originates from the fact that the DIP of TSDCH states is directly coupled to induced changes in the valence charge distribution at the two different atomic sites [6] . Here we set out to verify these theoretical predictions by measuring the DIPs of the TSDCH states for a set of small molecules, viz. N 2 , N 2 O, CO 2 , and CO [8] .
The experiments reported here [19] were performed using the atomic, molecular, and optical instrument [20, 21] of the LCLS. The free-electron laser generated light pulses with a FWHM (full width at half maximum) duration of $10 fs, a photon energy of between 517 and 705ðAE15Þ eV, and a pulse energy of approximately 30 J on the target. A tightly focused laser beam provided the high intensity in the interaction region (3 Â 10 16 W=cm 2 ) that enabled sequential ionization of the molecules. Data taken with an unfocused beam (1 Â 10 14 W=cm 2 ) were subtracted from data taken with the focused beam in order to extract the nonlinear contributions to the photoelectron signal, and more clearly observe the DCH states.
In the difference spectra, a number of features can be discerned that are unambiguously related to the sequential absorption of two soft x-ray photons. First, at kinetic energies that are about 50-100 eV lower than the ordinary 1s À1 photoline (depending on the atom involved) a peak is observed that can be confidently assigned to the SSDCH state [6] . The TSDCH states are located much closer to the main photoline, typically shifted to lower energy by about 10-20 eV [6] . If the pulse duration exceeds the Auger lifetime, Auger decay can take place before the absorption of a second photon. This gives rise to the so-called photoemission-auger-photoemission (PAP) peaks in the photoelectron spectra, whose location can be calculated from the energies of the relevant doubly and triply ionized states of the molecule [10, 18, [22] [23] [24] . Generally, PAP peaks appear at kinetic energies of about 20-40 eV lower than the main photoline.
The relative intensities of the SSDCH, TSDCH, and PAP peaks, as well as that of the main photoline, can be simulated on the basis of a straightforward kinetic model which has been shown to produce reliable results [25] . For our experimental conditions and for the molecules studied here, the various SSDCH and TSDCH peaks for a particular molecule are expected to have very similar integrated intensities, typically within a factor of 2 [19] . This means that the presence of the usually easily identifiable SSDCH peak implies the existence of a roughly equally intense TSDCH peak. This is of great help in analyzing the spectra because the latter generally lies in a more congested region of the photoelectron spectrum. The relative intensity of the PAP peaks is calculated to be comparable to that of the DCH lines [19] .
The most prominent DCH structures were observed in N 2 and we begin the discussion with N 2 and N 2 O, before we continue with our observations of DCHs in CO 2 and CO [8] . Figure 1 (a) shows the photoelectron spectra of N 2 at kinetic energies below the N SCH peak at 186 eV, where the DCH features are expected to lie. The photon energy was 596 eV and the electron time-of-flight (eTOF) spectrometer was oriented at the magic angle (54.7 with respect to the polarization of the laser beam). The blue and green spectra correspond to data taken with the focused and unfocused beams, respectively, and are normalized to the N SCH peak. The magenta spectrum plots the difference between these data to highlight nonlinear contributions to the signal, i.e., the DCHs. The experimentally determined positions of the nonlinear peaks are indicated in Fig. 1 (a) by the black vertical lines (the estimated error is represented by the horizontal line) together with the theoretically predicted positions [6] (yellow vertical lines). The energy resolution is $4:6 eV given by the FWHM of the N SCH peak.
Data obtained with the unfocused beam are free from nonlinear contributions and comparable to data taken using synchrotron light [19] , consisting of the N SCH peak and its shakeup and shakeoff satellites. The largest satellite intensity is expected at kinetic energies of about 155-175 eV [26, 27] and such features are observed in both the focused and unfocused spectra [ Fig. 1(a) ]. At lower electron kinetic energies one expects to find shakeoff and smaller satellites.
The difference spectrum in Fig. 1 (a) clearly reveals three distinct features located at kinetic energies of $102, $155, and $169 eV. These correspond to the SSDCH, PAP, and TSDCH states, respectively. A continuous background also appears in this difference spectrum, as well as in the spectra of the other measured molecules. Its origin is not entirely clear but the background may partly arise from atomic ions produced by rapid fragmentation [8] , satellites, including shakeoff, to the PAP and DCH peaks, or may be related to secondary electrons that are not completely eliminated in the subtraction procedure due to the different source volumes in the focused and unfocused measurements. Figure 1 (b) shows the corresponding photoelectron spectra for N 2 O. The photon energy in these measurements was 517 eV, i.e., below the ionization limit of O 1s electrons in order to generate signals solely from N related DCHs. This facilitates easier comparison between the FIG. 1 (color). Photoelectron spectra of N 2 (a) and N 2 O (b) with a photon energy of 596 eV and 517 eV, respectively. Blue curve: focused x rays; green curve unfocused; spectra are normalized at the SCH peak. Magenta curve: difference spectra. Black vertical lines: experimental energies of the SCH, DCH, and PAP features; horizontal lines: estimated errors; yellow vertical lines: theoretical energies [6] . N À1 N À1 TSDCH in N 2 and N 2 O. (For the photoelectron spectra of N 2 O obtained using a photon energy of 597 eV, i.e., above the O 1s ionization limit, see Supplemental material [19] ). The kinetic-energy region of interest is smaller for N 2 O than N 2 , due to the reduced photon energy, but for ease of comparison the same kinetic-energy scale as in Fig. 1(a) is used. The reduced photon energy also results in an increased energy resolution, $4 eV, compared with that observed for N 2 .
The asymmetry of N 2 O, with one central (N c ) and one terminal (N t ) N atom, manifests itself in a splitting of the N SCH peak of about 4.0 eV. The difference spectrum shows similar structures to those observed in N 2 : a TSDCH peak followed by a PAP peak. The position of the experimentally observed TSDCH peak is in good agreement with the calculated value [6] . This peak consists of contributions from the N À1 c N À1 t (N c followed by N t core-ionization) and N À1 t N À1 c (N t followed by N c core-ionization) state, which seem to be just resolved. The marked experimental positions are also reasonable given the expected separation of 4 eV between the two peaks. Table I lists the single (IP) and double ionization potentials (DIP) for the SCH and DCH states, respectively. The DIPs are derived from the energy shifts of the SSDCH (ÁE 1 ) and TSDCH (ÁE 2 ) states, where
i Þ-IPðS À1 j Þ, which are directly determined from the spectra as the shift with respect to the SCH line. These values are also listed together with the DIPs and they all agree reasonably well with their corresponding theoretical values. The chemical sensitivity of the TSDCH states is reflected in the value of ÁE 2 , and we determine that ÁE 2 is lower by 3:7 AE 2:7 eV for N À1 c N À1 t in N 2 O compared with the N À1 N À1 state in N 2 , in tolerable agreement with the calculated difference (2.2 eV) [6] . This lowering is due to the influence of the extra O atom.
The predicted high sensitivity of the TSDCHs to the chemical environment is related to the flow of electron density in the creation of the TSDCH states [6] . This change of electron density may be quantified by the generalized interatomic relaxation energy (IRC) [6] , which is related to ÁE 2 according to ÁE 2 ¼ 1=r-IRC, where r is the distance between the two core holes. The decrease in ÁE 2 of N 2 O and CO 2 with respect to N 2 and CO due to the change in bond length (1=r) related to an extra O atom is approximately 0.4 eV [31] . Values of IRC are given in Table I . Theory predicts a modest difference between the IRC of the N À1 N À1 TSDCH in N 2 and N 2 O. This is manifested experimentally by the relatively small difference of ÁE 2 (3.7 eV) between the two states, which is only slightly larger than the difference in the IPs of N in N 2 and N 2 O, respectively. The effect is, however, more pronounced in the case of CO and CO 2 , as we will show later.
For diatomic molecules, creation of the core hole decreases the electron density on the other atom and thus the relaxation is suppressed for the core-hole creation of TABLE I. Experimental and theoretical ionization potentials as well as ÁE 1 , ÁE 2 , and the IRC [6] (see text), for states of N 2 , N 2 O, CO 2 , and CO. IPðS À1 Þ: SCH ionization potential, DIPðS À2 Þ: SSDCH double ionization potential, DIPðS À1 i ; S À1 j Þ: TSDCH double ionization potential. Experimental DIPs are calculated as the sum of the experimental IPðS À1 Þ, calibrated to known values, and the relevant IP of the ion, determined in our experiments. The experimental value of the IP for CO ðO 1sÞ ¼ 542:5 eV was taken from Ref. [28] . Errors are calculated as the root mean square of the estimated errors for the positions of the spectral peaks.
Molecule
IPðS À1 Þ ðeVÞ DIPðS À2 Þ ðeVÞ DIPðS À1 i ; S À1 j Þ ðeVÞ ÁE 1 ðS À2 Þ ðeVÞ ÁE 2 ðS À1 i ; S À1 j Þ ðeVÞ IRC ðeVÞ 
409:0 AE 0:5 834:2 [8] 296:5 AE 0: the second atom, resulting in a negative IRC. For triatomic molecules, in which one of the core holes is located at the center atom, the extra not core ionized atom plays the role of an electron donor to the other two atoms with core holes and enhances the relaxation of the double core hole at the other two sites, resulting in a positive IRC. We find that the relaxation is suppressed (IRC < 0) for N 2 and enhanced (IRC > 0) for N 2 O, as predicted [6] . Comparison between data obtained for CO and CO 2 allows the influence of the extra O atom in CO 2 on the O À1 C À1 TSDCH state to be investigated. The photoelectron spectra of CO, in which the O À1 C À1 TSDCH was positively identified, was recently reported by Berrah et al. [8] , and we here present the data obtained for CO 2 .
The measurements on CO 2 were recorded with an eTOF oriented parallel to the polarization of the laser. As in Fig. 1, Fig. 2(a) shows the photoelectron spectra of CO 2 for kinetic energies below the O SCH peak at 165 eV and were obtained using a photon energy of 705 eV. The assignments of the peaks are marked in the figure. For the peak at $152 eV, theory predicts contributions from two close lying TSDCH states separated by $2 eV [6] . One arises when a 1s electron is ejected from each O atom (O À1 O À1 ) and the other when the first electron originates from the C atom and the second from one of the O atoms (C À1 O À1 ). However, the energy resolution here is $5 eV, and we do not resolve these contributions.
The spectra shown in Fig. 2(b) were taken in the same measurement as Fig. 2(a) but now we highlight the kineticenergy region near the C SCH peak. Here one expects to find only one TSDCH peak, arising from the O À1 C À1 state. This peak appears at the calculated position in the difference spectrum [see Fig. 2(b) ]. The PAP peak is also observed, but the carbon ð1sÞ À2 SSDCH peak cannot be positively identified. This is in full agreement with our simulations which indicate a much reduced intensity for this particular feature [19] . Note that in general the DCH photoelectron spectrum of a homonuclear diatomic molecule, e.g., N 2 , contains a smaller number of peaks compared to that of a similar heteronuclear diatomic molecule, such as CO. The concentration of nonlinear intensity into fewer peaks will often make the DCH features stand out more clearly in the former case.
The DCH features for N 2 O and CO 2 are less pronounced than in the case of N 2 mainly due to the operating conditions of the LCLS at the time these measurements were made. However, our assignments are supported strongly not only by the calculated peak positions [6, 8, 18, [22] [23] [24] but also by our simulations of the expected relative intensities of the SSDCH, PAP, TSDCH, and SCH peaks [19] . In addition, the experimental results for N 2 clearly establish the principle, and the pattern with SSDCH, PAP, and TSDCH peaks is repeated for all molecules. Table I lists the IPs and DIPs for the SCH and DCH states together with ÁE 1 and ÁE 2 for CO 2 and CO. Table I also lists the results from both the O 1s and C 1s peaks of CO 2 , although the observed TSDCH peak adjacent to the O 1s line cannot be resolved into its two components, and is not used for comparison with CO. The TSDCH peak close to the C 1s line consists of only one contribution, that from O À1 C À1 , and is suitable for extracting ÁE 2 . Comparing ÁE 2 for the O À1 C À1 TSDCH state of CO and CO 2 allows us to evaluate experimentally the environmental effect of the extra O atom in CO 2 . Here, ÁE 2 for the O À1 C À1 TSDCH state of CO 2 is 5:1 AE 2:3 eV lower than that of CO, in good agreement with the predicted value of 5.3 eV [6] . It is noted that the IP difference between C À1 SCH   FIG. 2 (color) . Photoelectron spectra of CO 2 near the O SCH line (a) and C SCH line (b), photon energy 705 eV. Blue curve: focused x rays; green curve: unfocused x rays; spectra are normalized at the SCH peak. Magenta curve: difference spectrum. Black vertical lines: experimental energies of the SCH, DCH, and PAP features; horizontal lines: estimated errors; yellow vertical lines: theoretical energies [6] . states in CO and CO 2 is only 0.3 eV, while the DIP difference between the O À1 C À1 TSDCH states is 6.7 eV. The higher sensitivity of TSDCH states, by an order of magnitude, to the chemical environment is evident.
If we focus on the IRC values given in Table I we find that the large difference in IRC between the O À1 C À1 state of CO and CO 2 , compared with the case of N 2 and N 2 O, which results in the large shift of ÁE 2 in the former case, fits nicely with theory [6] . In addition we find also for these two molecules that the relaxation is suppressed (IRC < 0) for the diatomic CO and enhanced (IRC > 0) for the triatomic CO 2 , as predicted [6] .
In conclusion, we have presented evidence for the formation of TSDCH states in the molecules N 2 , N 2 O, and CO 2 by employing photoelectron spectroscopy using a free-electron laser x-ray light source. Our experimental results for the DIP, ÁE 2 , and IRC reproduce the trends predicted by the theory for TSDCH states [6] , and thus support its main implication that the TSDCH states are extra sensitive to the chemical environment. In particular, the IRC, a characteristic parameter of the TSDCH states, was found to behave according to theory. The sensitivity of the TSDCH state to the chemical environment was exemplified by the large spectral shift of the O À1 C À1 TSDCH state in CO 2 compared with CO, which is induced by the extra O atom.
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